Specular Reflection of Matter Waves from a Rough Mirror
We present a high resolution study of the specularity of the atomic reflection from an evanescent wave mirror using velocity selective Raman transitions. We observed a double structure in the velocity distribution after reflection: a peak consistent with specular reflection and a diffuse reflection pedestal whose contribution decreases rapidly with increasing detuning. The diffuse reflection is due to two distinct effects: spontaneous emission in the evanescent wave and roughness in the evanescent wave potential whose amplitude is smaller than the de Broglie wavelength of the reflected atoms. DOI Atomic mirrors are key components in the growing field of atom optics and have been intensively studied by several groups in recent years [1] [2] [3] [4] [5] [6] [7] [8] [9] . For interferometric and lithographic applications, it is important to ensure that the reflection is specular, since diffuse scattering amounts to a loss of spatial coherence and hence reduces fringe visibility or focusing sharpness. Thus much interest has been devoted to measuring and improving the roughness of atomic mirrors, using static or time dependent magnetic fields [1 -4] , evanescent waves [5] , or other techniques [7] .
Most of those experiments prepared a narrow velocity distribution, transverse to the direction of incidence, and measured the broadening of this distribution due to the reflection. The effect of the mirror was characterized by a single quantity, the rms increase in the width of the velocity distribution. This increase was sometimes given in terms of an effective rms angular deviation from a perfectly flat surface. However, the resolution allowed only a measurement of the broadening of the atomic velocity distribution. Here we present an experiment using velocity selective Raman transitions to prepare a very narrow initial velocity distribution [10] and measure the distribution after reflection. For the first time we are able to resolve not just the rms broadening but more complex structure in the final velocity distribution.
In analogy with the reflection of light from an optical mirror, we observe a double structure, with a narrow peak and a broad pedestal. The narrow peak corresponds to specularly reflected atoms, the broad pedestal to diffuse atomic reflection from two origins: spontaneous emission and mirror roughness. Assuming that the roughness of the mirror can be viewed as a random process with variance s 2 and a correlation length much shorter than the mirror itself, one finds [11, 12] that the fraction S of specularly reflected atoms is given by exp 2w, reminiscent of the Debye-Waller factor, with w 16p 2 s 2 ͞l 2 dB , where l dB is the de Broglie wavelength of the incident matter wave (8 nm) . The presence of a significant specular peak implies that s ø l dB [13] .
We have studied the ratio of these two components as a function of various parameters and show that the diffuse component rapidly decreases when the evanescent wave detuning D EW increases. These observations allow us to examine different possible mechanisms for the diffuse reflection involving either mirror roughness or spontaneous emission.
The evanescent wave mirror was identical to the one described in Ref. [14] . We use a superpolished prism of TaFD30 glass [15] (refractive index n 1 1.869). The rms surface roughness given by the manufacturer is 0.07 nm. The input and output faces are coated with a broadband antireflection coating. A Ti:S laser of wavelength l L 2p͞k L 780 nm generates the evanescent wave with an incident angle u 1 53
We have defined the x axis to be along the evanescent wave propagation direction. The Ti:S beam is TM (p) polarized with waists 0.9 mm along the x and z axes at the prism surface.
Our 85 Rb magneto-optical trap (MOT) is described in Ref. [14] . Every 1.5 s, we collect about 10 8 atoms in the trap. By turning off the repumping beam just before (after) the trapping beams, we prepare the atoms in 5S 1͞2 , F 2 (5S 1͞2 , F 3). The MOT is situated 20 mm above the prism.
Velocity selective Raman transitions between F 2 and F 3 are induced by a pair of counterpropagating laser beams detuned by about 1 GHz (D in Fig. 1 ) [10] . Because of the Doppler effect, the resonance condition for a Raman transition depends on velocity and is given by d 2k͑y 1 y rec ͒, where d v a 2 v b 2 v 23 is the detuning of the Raman beams from the hyperfine transition, y v ? k a ͞k a is the projected atomic velocity, and y rec is the recoil velocity (6 mm͞s). By varying d, we select the velocity class that experiences a transition.
The two Raman beams are orthogonally linearly polarized and drive the magnetic field-independent transition between j5S 1͞2 F 2, m F 0͘ and j5S 1͞2 F 3, m F 0͘ denoted j2͘ and j3͘. We will use Dirac notation to refer to these two states, while the notation oriented along the beam propagation direction (at 43 ± to the x axis in the xz plane) lifts the degeneracy. Resonant transitions take place only between j2͘ and j3͘. To ensure that the atoms are in an eigenstate of the reflecting potential, we adiabatically rotate the magnetic field while they fall to be along the z axis, the quantization axis defined by the evanescent wave electric field [14] . After reflection the magnetic field is turned back.
To generate the Raman beams (separated by v 23 ͞2p 3.036 GHz), we modulate the injection current of a diode laser at 1.5 GHz and inject the 61 sidebands into two slave laser diodes. The carrier and 62 sidebands are removed with a Fabry-Perot cavity. Each Raman beam passes through an acousto-optic modulator modulated by an arbitrary function generator to produce Blackman pulses [16] . Beating the two slave laser beams indicates a relative frequency spread less than 20 Hz (the resolution bandwidth of the spectrum analyzer) narrow enough not to limit the Raman transition width.
To test our setup, we first make a velocity selection and immediately analyze it with a second Raman pulse. At t 0, we prepare the atoms in F 3. At t 8 ms we apply a Raman "selection" p pulse with a detuning d S to transfer atoms to j2͘. Then comes a pushing beam resonant with the 5S 1͞2 F 3 ! 5P 3͞2 F 0 4 transition which removes all the atoms remaining in F 3. At t 22 ms we apply a second Raman "analysis" p pulse with a detuning d A to transfer atoms back to j3͘. Atoms in F 3 are detected via the fluorescence induced by a retroreflected probe laser resonant with the 5S 1͞2 F 3 ! 5P 3͞2 F 0 4 transition and collected in a 0.1 sr solid angle on a photomultiplier tube. No repumper is present in order to avoid detection of F 2.
We repeat the sequence changing d A to acquire the transverse velocity distribution of incident atoms [ Fig. 2(a) 150 ms Blackman pulse. The curve demonstrates a velocity selection rms width for a single pulse of 0.33y rec along the propagation direction of the Raman beams. This is about 20 times narrower than the velocity width in the MOT. Because the analysis sequence has the same resolution as the selection sequence, our velocity resolution is p 2 times larger, that is, 0.47y rec . This resolution is 3 times better than that used in Ref. [5] .
To observe the effect of the reflection on the transverse velocity, we proceed in a manner analogous to that described above (Fig. 1) . At t 0 we prepare the atoms in F 2. The Raman selection pulse transfers a narrow velocity class to j3͘ at t 8 ms. The atoms then fall onto the mirror. The frequency of the evanescent wave is blue detuned for F 3 and red detuned for F 2. Atoms in F 2 are not reflected from the mirror. After reflection (t 120 ms), the analysis pulse transfers some atoms back into j2͘. Next, the pushing beam removes atoms remaining in F 3 and finally we detect atoms in j2͘ with probe laser and repumper. Compared to the test sequence, the roles of F 2 and F 3 are reversed in order to take advantage of the state selective nature of the reflection, as well as the fact that atoms can scatter more probe photons in the presence of the repumper.
Atoms not selected by the first Raman selection pulse can contribute to a background if they are pumped into j3͘ (by the evanescent wave, for example) during their trajectory. We measure this background using the same sequence described above and d S tuned far from resonance. We alternate between normal and background measurements and subtract the background on each shot. The analysis detuning d A is scanned randomly over the desired values, and we acquire and average about three measurements for each d A to acquire a spectrum such as shown in Fig. 2(b) . The peak value in Fig. 2(b) corresponds to about 10 4 atoms detected per bounce. Typically the background was about 3 3 10 3 atoms. Despite this subtraction, we observe a nonzero background in Figs. 2 and 3 . This background appears to be due to atoms reflected from the mirror that are pumped into F 2 after reflection.
With this system we acquired data such as that in Fig. 2(b) atoms detected in F 2 after the Raman analysis pulse) after the bounce. There is a narrow peak whose width appears identical to the initial one and a broad pedestal whose center is shifted by 7.9 kHz, an amount corresponding to a 0.5hk L momentum transfer with respect to the narrow one along the observation direction. This transfer is in the same direction as the evanescent wave propagation vector and remains so when the evanescent wave (Ti:S) laser direction is reversed (i.e., it also reverses).
To understand the origin of the pedestal, we acquired several reflected velocity distributions under differing conditions; two examples are shown in Fig. 3 . Each distribution is fitted by a sum of two Gaussians plus a flat background. We first examined the parameters of the pedestal as a function of D EW . We observed little variation of the width and the shift relative to the narrow peak. To simplify the study of the relative contribution of the two components, we fixed the width of the narrow peak at the measured width of the resolution function. We also fixed the width of the pedestal and the shift at the average values of our preliminary fits: the pedestal width was fixed to be that of the convolution of our resolution function and a Gaussian of 18 kHz rms and the shift to be 7.9 kHz. Using this analysis we can measure the fraction S of atoms detected in the narrow peak as a function of D EW . (See Fig. 4 .) The data are well fit by S exp͑2a͞D EW ͒ with a 1.1 GHz.
The above detuning dependence immediately suggests spontaneous emission within the evanescent wave which reduces the number of specularly reflected atoms by a factor of exp͑2N SE ͒. A simple estimate of N SE , the average number of spontaneous emissions, is given by N SE 2p͑͞l dB k͒ 3 G͞D EW , where G͞2p 5.9 MHz is the natural linewidth of the atomic transition [9, 17] . A better estimate includes the modification of the potential due to the van der Waals interaction [18] , the modification of the spontaneous emission rate close to the surface [19] , and an average of these effects over the mirror surface. We find, in our range of detunings, that N SE still varies as D
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EW to a good approximation but with a probability about 1.5 times higher than the simple estimate. To calculate S one must also take into account the fact that at large detunings the branching ratio for falling back into j3͘, the only one which we detect, is 2͞3. This factor cancels the increase in N SE due to the effects of the dielectric surface. One predicts therefore S exp͑2a SE ͞D EW ͒ with a SE 0.55 GHz. There appears to be too little spontaneous emission (by a factor of 2) to entirely explain our results. In addition, atoms undergoing spontaneous emission in the evanescent wave receive an average momentum transfer ofhk x along x, that is, a shift of the broad pedestal ofhk x 3 cos͑43 ± ͒ 1.1hk L along the Raman beam direction instead of the 0.5hk L that we observe. [The distribution of spontaneously emitted photons, even in the presence of the dielectric surface is unchanged under ͑x, y͒ ! ͑2x, 2y͒ [19] and so only the absorption process contributes to the shift.] This observation confirms the above conclusion that spontaneous emission in the evanescent wave is only partly responsible for our observations. This is in contrast to the study of Ref. [9] which used a very small value of k to get a large number of spontaneous emissions in the evanescent wave.
Another mechanism which causes diffuse reflection is discussed in Ref. [12] . It involves scattered Ti:S light which interferes with the evanescent wave. The interference produces a rough potential which diffusely scatters the atoms. This mechanism does not involve spontaneous emission. The scattered light could come either from the surface roughness, inhomogeneities in the bulk of the prism, or some other object such as a prism edge. Using the results in Ref. [12] one can show that the propagating modes of the scattered light would cause S to vary as exp͑2a R ͞D EW ͒, where a R depends on the amount of scattered light. The contribution to the pedestal due to this effect should exhibit no shift relative to the specular peak. Since spontaneous emission is responsible for about one-half of the pedestal, we expect a total pedestal shifted by about one-half of the shift due to spontaneous emission alone in good agreement with our observations. Since both 250404-3 250404-3
effects have the same D EW dependence this explanation also accounts for the lack of detuning dependence in the observed shift. Another possible explanation for the pedestal is spontaneous emission induced by the stray light above the prism while the atoms fall towards the mirror. Indeed, in experiments in which we left the evanescent wave laser on for 40 ms while the atoms fell towards the mirror, we observed an optical pumping of the atoms from their initial hyperfine level (F 3) to the other hyperfine level (F 2) (about 10% of the atoms were lost in this way at D EW 940 MHz). This mechanism predicts that S should vary as exp 2b͞D 2 EW , where b is a constant which depends on the mean light intensity experienced by the atoms. As shown in Fig. 4 the data are not consistent with this dependence.
Thus we believe that we have identified the source of the diffuse reflection in our experiment as the sum of the effects of scattering of atoms from a potential induced by the random interference pattern of the evanescent wave and stray light, and spontaneous emission in the evanescent wave. According to this interpretation we have 1.1 GHz a R 1 a SE , and we can work out the effective mirror roughness associated with a R . We find s ഠ 0.3 nm, a value much larger than the prism's measured surface roughness (0.07 nm). Since the effective mirror roughness due to light scattering by the prism surface is of the order of the surface roughness itself [12] , we presume that most of the stray light is from other sources such as those mentioned above.
We turn now to an analysis of the narrow peak. Since the area under the broad peak can be reduced by increasing the detuning D EW , the essential question is "How faithfully is the initial velocity distribution reproduced in the narrow peak?" To answer this question, we compare the width of the narrow peak to that of the resolution function (atomic experimental velocity distribution before the bounce) for 36 runs acquired at different values of D EW . We now fit the experimental curves by a sum of two Gaussians with all parameters adjustable except for the width and center of the broad peak. Averaging over 36 measurements, we find s 2 meas 2 s 2 res 2͑0.13y rec ͒ 2 6 ͑0.08y rec ͒ 2 , where s res and s meas are the rms widths of the two curves after the bounce, and the uncertainty is the standard deviation of the weighted mean of our 36 measurements. A negative sign in the result is not necessarily unphysical because it could be due, for example, to a slightly concave reflecting surface which collimates the atoms. We do not consider this deviation from zero to be statistically significant, however. We conclude that the observed reflection is consistent with a specular reflection to within about 0.1y rec . Our limit is a factor of 10 better than our previous best result [5] .
To compare our results with Refs. [1, 3] , we calculate the rms angular deviation of an effective reflecting surface from perfectly plane: s u 1 2 y rms y in , where y in is the incident atomic velocity on the mirror and y rms is the rms transverse velocity added by the mirror. Using the upper limit y rms , 0.1y rec , we find that the effective mirror surface is flat to within uncertainty of 0.5 mrad.
We conclude that at sufficiently large detunings, it is possible to produce a highly specular mirror for atomic de Broglie waves. By analogy with photon optics, the double structure we observe suggests that we are in the regime where the roughness of the atomic mirror is small compared to the wavelength of the reflected matter wave. In that regime, the specular peak corresponds to a "perfectly" coherent reflection, and it should be possible to test this property in an atom interferometer. Interferometric experimental studies are in progress.
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